ABSTRACT: Protein arginine methyltransferase 5 (PRMT5) is known to symmetrically dimethylate numerous cytosolic and nuclear proteins that are involved in a variety of cellular processes. Recent findings have revealed its potential as a cancer therapeutic target. PRMT5 possesses a cysteine (C449) in the active site, unique to PRMT5. Therefore, covalent PRMT5 inhibition is an attractive chemical approach. Herein, we report an exciting discovery of a series of novel hemiaminals that under physiological conditions can be converted to aldehydes and react with C449 to form covalent adducts, which presumably undergo an unprecedented elimination to form the thiol-vinyl ethers, as indicated by electron density in the co-crystal structure of the PRMT5/MEP50 complex.
P rotein arginine methylation, catalyzed by a family of arginine methyltransferases, has emerged as one of the most common post-translational modifications (PTMs). As the major type II methyltransferase in mammals, protein arginine methyltransferase 5 (PRMT5) forms a hetero-octamer with MEP50, 1 catalyzes the formation of symmetrical dimethylarginines (sDMA) on histones and non-histone substrates, 2, 3 and plays important roles in various cellular processes, including gene expression and RNA splicing. 4, 5 PRMT5 has been shown to be upregulated in many types of cancers. 6−8 Loss of methylthioadenosine phosphorylase (MTAP) confers a selective dependence on PRMT5 and its binding partner, MEP50 (WDR77). 9−11 MTAP is frequently lost due to its proximity to the commonly deleted tumor suppressor gene, CDKN2A. Together, these findings reveal PRMT5 as a potential therapeutic target for cancer. Indeed, PRMT5 selective inhibitors have recently been discovered and have demonstrated potent antitumor activity in preclinical models. 12 Two molecules, GSK3326595, a substrate competitive inhibitor, and JNJ64619178, a SAM (S-adenosyl-L-methionine) mimetic/competitive inhibitor, have entered clinical trials for multiple cancer types. 13, 14 Most recently, two more small molecule PRMT5 inhibitors, PF-06939999 15 and PRT543 15 (structures not disclosed), entered clinical trials. PRMT5 has been a drug target for many pharmaceutical and biotechnology companies, as well as academic research institutions, due to its critical function in cancer. 16−22 Before the disclosure of LLY-283 and JNJ64619178, 23−25 a major concern among scientists in the field was whether it was possible to obtain SAM mimetic nucleoside analogues with selectivity versus different PRMTs. Neither of the SAM analogues, SAH (S-adenosyl-L-homocysteine) or sinefungin, is a selective methyltransferase inhibitor. However, 5′-methylthioadenosine (MTA) has been shown to be a potent, selective PRMT5 inhibitor, thus providing an excellent starting point for a potential approach based on SAM mimetics.
Interestingly, PRMT5 possesses a cysteine (C449) in the SAM binding site, a unique feature for PRMT5 that is not present in the other PRMTs (which have a serine at the same position). The co-crystal structure of MTA in the PRMT5/ MEP50 complex [Protein Data Bank (PDB) entry 5FA5] has revealed a small space that might accommodate a covalent warhead. The distances from C449 to atoms N6 and N7 of the SAM adenine ring were found to be 3.6 and 3.9 Å, respectively. Therefore, a covalent approach may offer potent and selective PRMT5 inhibitor analogues to SAM. On the other hand, C449 is not considered catalytic, so it may not be inherently reactive, which potentially makes this covalent approach challenging. However, there have been great successes in the discovery of covalent kinase inhibitors, 26 such as the EGFR inhibitor Afatinib and the BTK inhibitor Ibrutinib. Also, a very exciting breakthrough was recently reported as the discovery of covalent inhibitors of KRAS, 27 a target that has been considered "undruggable" for decades. All of these molecules modify the target proteins via noncatalytic cysteines.
Encouraged by these findings, we initiated a program to search for potent and selective covalent PRTM5 inhibitors. As described below, we report the discovery of a series of novel hemiaminal covalent PRMT5 inhibitors, their potency, characterization of covalent binding activity, and a co-crystal structure of the covalent adduct with the PRMT5/MEP50 complex.
A typical synthesis of hemiaminals is depicted in Scheme 1. Compound 1 was prepared following by the procedures previously described to make LLY-283. 23 Treatment of acid 1 with NHMe(OMe) HCl salt and propylphosphonic anhydride (T 3 P) in the presence of Hunig's base afforded Weinreb amide 2, which was then reacted with Grignard reagent to give ketone 3. Stereoselective hydride transfer reduction catalyzed by RuCl(p-cymene)[(R,R)-Ts-DPEN] provided alcohol 4 as a major diastereomer. 28 Hydrolysis of acetonide 4 under acidic aqueous conditions afforded diol 5. Displacement of the pyrrolopyrimidine 6-Cl with 2,2-dimethoxyethanamine in the presence of Et 3 N afforded compound 6. Alternatively, the same displacement was carried out on compound 4 to provide acetal 7. Under acidic aqueous conditions, a cyclic hemiaminal ether 8 was obtained as a 1:1 mixture of diastereomers. Further hydrolysis of the methoxy group of 8 under 1 N HCl at reflux did not provide the corresponding aldehyde 10, yielding instead a hemiaminal 9. Compound 9 was finally converted to aldehyde 10 containing ∼30% 9 under basic conditions, which was confirmed by the peak in its 1 H NMR spectrum at a δ of 9.61 ppm.
Additionally, six-membered ring hemiaminals (such as compound 11 in Figure 1 ) and ketones (such as compound 12 in Figure 1 ) were prepared (see the synthetic routes in the Supporting Information). Like compound 9, 11 remains in its closed form as an HCl salt. On the other hand, ketone 12 only partially cyclized under acidic conditions, remaining as the keto form under neutral conditions. Both hemiaminal 9 and aldehyde 10 were evaluated in a PRMT5/MEP50 biochemical assay to show comparable IC 50 values of 11 nM (n = 3) and 19.5 nM (n = 1), respectively (see experimental details in the Supporting Information). Under the assay conditions (pH 8.0), 9 is likely converted to 10, which inhibits PRMT5 via formation of a covalent bond with C449. It is difficult to exclude the possibility that 9 might bind PRMT5 equally well to inhibit its enzymatic activities.
In addition, hemiaminal 9 was characterized for its covalent binding via jump dilution and time-dependent inactivation. The off rate was evaluated by the jump-dilution method comparing the wild type and C449S mutant of PRMT5. Hemiaminal 9 displayed an extremely slow off rate (k off ) of 0.0022 ± 0.0002 min
, which results in a residence time halflife (t 1/2 ) of 315 ± 42 min. This is in contrast with the C449S mutant, which exhibited a faster k off of 0.045 ± 0.003 min −1 , corresponding to a t 1/2 of 15 ± 1 min. The significant k off shift clearly indicated that the covalent modification can happen only in the presence of C449. The time-dependent inactivation assay was carried out to estimate the apparent second-order rate constant (k inact /K I ), which served as an index of irreversible inhibition potency. The apparent inactivation rate constant (k inact ) and the initial inhibition constant (K I ) were readily determined by a representative progress curve ( Figure  2, top) . 29 Hemiaminal
] very rapidly with a k inact of 0.068 ± 0.004 min −1 and a good binding affinity (K I = 55 ± 11 nM). The inhibitory efficiency was The nucleophilicity of C449 is pK a -dependent. Hence, we determined the pK a of C449 in the PRMT5 protein without MEP50 using iodoacetamide, an alkylation reagent known to rapidly modify deprotonated cysteine residues over the corresponding thiols. The PRMT5 protein alone was preincubated in buffers with pH values ranging from 3.0 to 9.4 with and without iodoacetamide. The pH-dependent inactivation of PRMT5 was characterized by comparing the methyltransferase activity in a flash-plate assay. As depicted in Figure 3 , the observed pK a value of 7.4 ± 0.1 indicated that C449 partially exists as a thiolate ion under physiological or assay conditions. Aldehyde 10 was co-crystallized with the PRMT5/MEP50 complex to provide an X-ray co-crystal structure (PDB entry 6K1S) at 2.6 Å resolution (see the experimental details in the Supporting Information). As expected, on the basis of the electron density map, C449 is very close to the molecule, a distance within a bond length. To our surprise, the electron density does not support the existence of an OH group resulting from addition of -SH to the aldehyde (see Figure 4A) . Instead, the S−C−C−N dihedral angle is 175.7°, with S−C−C and C−C−N bond angles of 116.0°and 125.9°, respectively (see Figure 4B) , indicating a plausible trans double bond between the S and N atoms. As illustrated in Scheme 2, under physiological pH, an unprecedented and unexpected elimination of a H 2 O molecule appears to have taken place. This elimination could be driven by steric hindrance and inflexibility of the α-helix where C449 resides.
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Compound 10 forms a polar contact similar to that of MTA (PDB entry 5FA5) and LLY-283 (PDB entry 6CKC), with Hbond interactions between the aminopyrimidine ring and D419 and between the ribose hydroxyl groups and E392 and Y324, as shown in Figure 4B . The crystal structure also reveals the high flexibility of F327. As shown in Figure 4C , in the MTA structure, F327 is placed close to the substrate Arg but rotates out in 6CKC to accommodate the phenyl ring of LLY-283. In the case of compound 10, F327 moves farther from the SAM binding pocket, a movement induced by the bulkier p-Cl phenyl ring at the 5′ position of the ribose. F327 acts a crucial residue in the active site of PRMT5. It sits right between the cofactor and peptide substrate, thus acting as a gatekeeper, its side chain pivoting out of the way when needed. This flexibility has been also observed in the co-crystal structure with substrate competitive inhibitors such as EPZ015666 [PDB entry 4X61 (see Figure 4C) ]. The F327 movement in PRMT5 and its significance have been recently reviewed. 30 Compounds 6−12 were evaluated in a biochemical assay measuring inhibition of PRMT5/MEP50 complex-catalyzed histone methylation using an H4-based AcH4−23 peptide (FlashPlate) and in cellular assays measuring inhibition of sDMA and cell growth (see the experimental details in the Supporting Information). The potencies of each compound are summarized in Table 1 . Neither compound 6 nor compound 8 was potent in any of these assays, which is consistent with their lack of chemical reactivity under assay conditions. Compound 11 showed potency against the PRMT5/MEP50 complex comparable to that of compound 9 but was less potent in cellular assays. This could be due to a more stable closed hemiaminal form or the fact that the corresponding aldehyde does not fit the active site as effectively as compound 10 does. Ketone 12 is not as potent as aldehyde 10 in either biochemical or cellular assay, perhaps because of its lower chemical reactivity versus cysteine or because of a lower affinity for the active site of the enzyme. Neither compound 11 nor compound 12 was a covalent modifier in jump-dilution experiments described above.
Compound 9 was further profiled in cellular assays as shown in Figure 5 . Figure 5A represents dose-responsive inhibition of cellular sDMA in Granta-519 cells, a mantle cell lymphoma cell line, after incubation for 3 days as determined in Western blots. Signals were quantified, normalized, and plotted to determine IC 50 (see Figure 5B) . Figure 5C represents timedependent cell proliferation inhibition, in which cells died on day 10 at high concentrations (0.3 and 1 μM). Cell viabilities on day 10 were normalized to dimethyl sulfoxide and plotted to determine the proliferation IC 50 as shown in Figure 5D (see details in the Supporting Information).
Compound 9 was also tested against PRMT1 and PRMT4 (CARM1) in the HotSpot assay, using the PRMT5/MEP50 complex as a positive control.
31 It proved to be potent versus PRMT5 in this assay, with an IC 50 ot 31 nM (n = 3), a level of activity similar to that observed in our in-house FlashPlate assay. On the other hand, compound 9 was inactive against PRMT1 and PRMT4. Because compound 9 structurally resembles LLY-283, it is expected to be as selective as LLY-283 against a wider methyltransferase panel.
In conclusion, we have discovered a first-in-class PRMT5 covalent inhibitor hemiaminal 9. This compound will serve as an excellent tool molecule for studying the biological consequences of covalent inhibition of PRMT5 in vitro.
Identifying covalent modifiers of methyltransferases could be as fruitful as identifying covalent kinase inhibitors, a mode of action with demonstrated success in addressing the potential for drug resistance. Other methyltransferases such as PRMT1 and EZH2 also have noncatalytic cysteine residues close to or at the SAM binding pockets, and indeed, covalent inactivation of PRMT1 with a peptide containing a reactive chloroacetamidine warhead has already been reported. 32 In the case of PRMT5, evidence of covalent modification of PRMT5 at C449 is encouraging, because it shows that C449 has adequate reactivity. Most importantly, we observed an unprecedented covalent mechanism between aldehyde and cysteine, a possible elimination of a H 2 O molecule to form vinyl-thiol ether. This 
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